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I. INTRODUCTION

This Technical Report contains a summary of progress made in AFOSR funded studies

of short burst microwave propagation through neutral and ionized media over the time

period December 1, 1987 to November 30, 1988. Work under this program commenced in

I December 1985.

The preliminary focus of this work has been the experimental and theoretical study of

the ability of very short duration microwave pulses to propagate through the atmosphere

without inducing breakdown. Significant progress has been made in this area both in our

theoretical understanding of the breakdown process and in actual experimental studies of

air breakdown due to short pulse microwaves.

A second project supported under a supplementary grant involves the study of energy

recovery in Large Orbit Gyrotrons. In this study, attempts are underway to recover a

significant fraction of the energy of the electrons in a Large Orbit Gyrotron after the

radiation producing interaction is complete. In this manner, the overall efficiency of such

devices could be dramatically increased. Significant new experimental studies of such

systems have been completed during the past grant period.

This report is organized as follows: A brief summary of the highlights of these research

I programs is contained in section II. Copies of papers published during this period are

contained in the Appendix.

II
I
I

I
I!
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II. Progress Report for the Period December 1, 1987 to November 30, 1988

A. Experimental Studies of the Propagation of High Power, Short Burst

I .Microwaves Through the Atmosphere

Initial experimental results of the propagation of very high power (1-500 kW/cm2 ),

I short burst (3-30 ns) microwaves through a neutral media were published in the Journal of

Applied Physics in a paper ("Short-Pulse, High Power Microwave Propagation in the A t-

mosphere") enclosed in the Appendix. During the past year, we have conducted additional

experiments to determine whether x-rays from the microwave source could be a source of

significant free electrons in the test cell and thus result in artificially low breakdown limits.

These experiments, in which the test cell was carefully shielded from the microwave source

by a concrete and lead shield wall, are summarized in a second paper ("Shielded Source,

Short-Pulse Microwave Propagation Experiments") submitted to the Journal of Applied

Physics for publication and enclosed in the Appendix. Results indicate that breakdown

field strengths are about a factor of two higher when the test cell is shielded from x-rays

generated by the microwave source.I
B. Theoretical Studies of Short Burst, High Power Microwave Propagation

I We have enclosed in the Appendix a copy of the poster presentation at the 1988 APS

Plasma Physics Meeting. This work is a summary of the theoretical models and cal-

culations that have been studied under the existing contract. In our initial studies we

considered a parameter regime where the ionization of the background gas by the RF is

so slow that the ionization rate and RF propagation time scales are very different. In this

case we can solve for the electric field via the wave equation for an inhomogeneous time-

independent plasma density profile and impose self-consistency with the ionizing electric

field. We include besides the ionization process, the attachment and elastic scattering

processes for air. The buildup of plasma in a gas cell is calculated along with reflection,

absorption, and transmission properties of the incident RF wave. A criteria for defining

"breakdown" is presented and results are compared with experiments. The agreement is

found to be satisfactory for regimes where the rates of ionization, etc. are valid. These

I4
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results have been summarized in previous progress reports.

This past year we have developed a "Medium Ionization Rate Model" for RF propaga-

tion through a plasma. In the model we still assume the ionization rate is low compared

to the RF frequency but do not require the EM response time of the plasma to be small.

That is, finite EM transient time effects are taken into account. For the case when the

RF frequency is near the plasma frequency standard methods of calculation are no longer

valid. We have developed a power series method about the critical density point. Detailed

convergence criteria have been checked and initial results applied to experimental cases

* are in progress.

C. Studies of Energy Recovery in Large Orbit Gyrotrons

These studies, funded under a supplementary grant from AFOSR, are summarized in

two papers enclosed in the Appendix ("Beam Conditioning for Electron Energy Recov-

ery Systems in Devices Employing Axis-Encircling Beams," published in the International

SI Journal of Electronics, and "Study of an Energy Recovery System for a Large Orbit Gy-

rotron," presented at the 1988 International Electron Devices Meeting). These studies

contain the first experimental demonstration of depressed potential collection of rotating

beam electrons after their energy has been reconverted to axial motion. The potential of

such recovery systems to recover 70-80% of the energy remaining in the electron beam

after the rf interaction has been clearly demonstrated in these studies.

I
I
I
I
I
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I1
Beam conditioning for electron energy recovery systems
in devices employing axis-encircling beams

A. SINGHf, W. LAWSONt, D. GOUTOSt, W. R. HIXt,
C. D. STRIFFLERt, V. L. GRANATSTEINt
and W. W. DESTLERt

Depressed collectors are extensively used in linear-beam devices. In spiralling
beam devices, the motion of the spent beam needs to be converted into axial
motion before it can deliver energy to the retarding axial electrostatic field produc-
ed by depressed collectors. A method of doing so is presented here, along with
simulation results. A large-orbit gyrotron is chosen as an illustrative example in
which the axis-encircling beam is generated by passing an axially streaming beam
through a magnetic cusp. After rf interaction, an 'unwinding' of the beam is done
by a second magnetic cusp with a reversed magnetic field. The trajectories of elec-
trons going through the two cusps have been simulated in order to evaluate the
effects of finite cusp width and finite width of emitting surface. Also studied are the
effects of variations of the magnetic field, the accelerating voltage of the beam, and
the distance between cusps. These simulations show that the rotational energy of
elecIrons is largP'y converted into axial -nergy after passage through the second
cusp. An initial geometry has been chosen for three collectors, of which two are at
depressed potentials. Changes in the energies of the particles are introduced
between the two cusps as an approximation of the effect of rf interaction. Simula-
tion of trajectories in the region of the depressed collectors has demonstrated
energy sorting of the beamlets to different depressed collectors.

!. Introduction
Gyrotron oscillators operating at the fundamental cyclotron frequency have

made great strides in achieving high rf power levels at high frequencies with appre-
ciable efficiencies of operation (Granatstein 1984, 1987, Fix et al. 1984, Rager 1986).I Other device configurations using spiralling electron beams have unfortunately suf-
fered from significantly lower electronic efficiencies.

Among such devices are those that use axis-encircling beams. These include
large-orbit gyrotrons (Lawson et al. 1985) and circular geometry free-electron lasers
(Befeki et al 1985). Those of the former category of devices, in which the axis-
encircling beam is generated by a magnetic cusp, have been referred to as cusptrons
(Uhm et al. 1984). Those in which the electromagnetic field is supported by a
magnetron-like structure have also been called gyromagnetrons (Lau and Barnett
1982. Grow and Shrivastava 1982). The nature of the beam and the rf structure
favours the production of coherent radiation at a chosen high harmonic of the
cyclotron frequency. As the value of the magnetic field required for any given fre-
quency is reduced in the ratio of the harmonic number, this would be a significant
advantage for operation at millimetre wavelengths (Chojnack: i al. 1987). However,
efficiency usually falls as the harmonic number rises, and this implies that a con-

Received 21 October 1987; accepted 21 December 1987.
t Laboratory for Plasma and Fusion Energy Studies, University of Maryland, College

Park. MD 20742-3511. USA.
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siderable proportion of th'e initial kinetic energy of the bcam would be carried by
the spent beam.

One possibility for improving the overall efficiency of such devices is to recover
energy from the spent beam. In the case of linear beam tubes, such as travelling
wave tubes, this is a well-accepted approach (Kosmahl 1982. True 1987). The spent
beam is sorted into groups energy-wise. and is collected on electrodes at depressed
potentials. The geometry and the potentials of the collectors are chosen to make for
as soft a landing as possible for each group. Thus, a good fraction of the energy of
the beam is transferred back to the power supply system. This has the additional
advantage of reducing the bulk and cost of the power supply. I

The overall efficiency of the device Tr is related to the intrinsic efficiency I. and
the efficiency of energy recovery PIR by the relationship (Arnush et al. 1982)

tIe (I) I

1 - '?R(l - I,)

Thus, if a device of 10% intrinsic efficiency is operated in tandem with depressed
collectors at 75% efficiency, the overall efficiency would be 31%.

In the case of devices where the spent beam has most of its energy in rotational
motion, the electrons cannot work effectively against the electrostatic field of the
depressed collectors. Thus, it is necessary to convert the rotational motion largely I
into axial motion before leading the beam toward depressed collectors. In linear-
beam tubes, transverse motion in the spent beam arising out of the effects of the
focusing magnetic field and rf interaction is partially converted into axial motion by
an adiabatic expansion of the beam (Kosmahl 1982). In the case of axis-encircling
beams, the Larmor radius of the beam electrons is usually large, and would be
further increased by adiabatic expansion before the process of energy sorting starts.
The latter pros,,,, itself involves further radial expansion and an increase of the I
aperture of each of successive depressed collectors. Thus, adiabatic expansion, apart
from requiring a slow change of magnetic field over a distance, involves consider-
able enlargement of the dimensions of axis-encircling beam devices. I

We have proposed 'unwinding' the beam by passing it through a second cusp
with a reversed magnetic field. Its radial magnetic field component acts on the azi-
muthal component of velocity and converts it largely into axial velocity; this is a
non-adiabatic process. As shown by these studies, a substantial fraction of the
energy in the rotational motion of the electrons is reconverted into axial motion in a
distance that is small compared with the pitch of the spiralling motion and with
little change in the diameter of a hollow beam. I

The extent of this reconversion is dependent upon various parameters. We have
studied the reconversion phenomenon as a function of the transition widths of two
cusps, the distance been them, the radial width of the beam, the magnetic field
amplitude, and the accelerating voltage of the beam. A single particle code was used
to plot the trajectories. The results of these simulations are presented here. They
verify the applicability of the basic approach in that the fraction of energy converted
into axial motion is close to 90% even with a non-optimum combination of
parameters.

We have also simulated the trajectories of particles with different energies in the
region of the depressed collectors. For this purpose a system of three collectors, two I
of which are at depressed potentials, is chosen as an initial example. Energy sorting
under the combined action of the magnetic and electrostatic fields iL demonstrated. I
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In §2, the results of computer simulations relating to the unwinding of a spiral-
ling, large-orbit beam by a second cusp under various conditions are reported.
Section 3 presents the trajectories in the collector region and verifies energy sorting.
Section 4 outlines the design considerations in the planned experiment, and conclu-
sions are drawn in §5.I
2. Generation and unwinding of spiralling electron beams

An axis-encircling beam for a large orbit gyrotron can be generated by passing
an axially streaming beam through a magnetic cusp. which has a sharp reversal of
magnetic field (Rhee and Destler 1974). The behaviour of an electron beam passing
through such a cusp has been studied in the cases of an ideal cusp as well as a cusp
with a finite transition width (Scheitrum and True 1981, Rhee and Destler 1974).
The cases studied include a balanced cusp, which implies an exact reversal of the
field on the two sides of the cusp, as well as more generalized changes of field across
the cusp (Destler and Rhee 1977).

A solution of the equations of motion shows that for a spiralling electron
passing through an ideal cusp, the guiding centre radius upstream equals the
Larmor radius downstream (Rhee and Destder 1974). As a special case we note that
an electron traveliing axially at a radius r, through an ideal and balanced cusp
acquires a spiralling motion, whose guiding centre lies on the axis and whose
Larmor radius equals ro. An annular sheet beam of radius ro correspondingly
emerges as a uniform rotating cylinder. Considering the case of two ideal cusps
separated by a certain distance, the electron would have a zero Larmor radius
beyond the second cusp and a guiding centre radius of r,, i.e., an axially-streaming
beam.

A schematic diagram of a configuration which is the subject of study here is
shown in Fig. 1. A stream of electrons starts from a ring cathode and is formed by a
Pierce gun into an axially-streaming annular beam. After passing the first cusp, the
beam passes through a region which has an rf structure. The beam then goes
through the second cusp (that has a reversed field), which tends to unwind the
spiralling motion before the beam proceeds toward the depressed collectors.

In practice, the transition region in the cusps has a finite width. An approx-
imation to the field variati,',n across the cusp which has been used with success is as
follows (Destler et al. 1988, Lawson and Latham 1987):

I B,(ro, B) Bo tanh (2)

where Bo is the asymptotic magnitude of the axial magnetic field on the two sides of
a balanced cusp, and C is a parameter that is the measure of the transition width
along the z-axis. In this case, the guiding centre downstream of the cusp no longer
lies on the axis. Considering all electrons in a thin hollow beam starting at a given
radius, the finite cusp width gives rise to a scalloping of the post cusp beam
envelope. The scalloping wavelength to zeroth-order is given by

A= 2nro(p72 
- W)k/2 (3)

whcIsteeeto axial pitch distance for an ideal cusp; and where n/ A,,,/ro fl;

v, is the axial velocity upstream of the cusp, il = eBo/my is the relativistic cyclotron
frequency, and y is the relativistic mass factor.
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Figure I. Schematic diagram of a configuration which is the subject of study here. A stream
of electrons starts from a ring cathode and is formed by a Pierce gun into an axially-
streaming annular beam. After passing the first cusp, which causes the beam to spiral,
the beam passes through a region which has an rf structure. The beam then goes I
through the second cusp (that has a reversed field), which tends to unwind the spiral-
ling motion before the beam proceeds towards the depressed collectors. I

For this study, a parameter which acts as a useful index of the effects of the two
cusps is 2, defined as the ratio of the transverse to the axial component of velocity.
i.e., I

LL _ (4)I)II I
In order to obtain some figures for a typical set of operating parameters and to gain
a better insight into their interrelationships, trajectories were simulated under differ-
ent conditions. A single particle code was used for tracing the path of the electrons
through the cusped magnetic fields. The code numerically integrates particle orbits I
through the cusp fields. The code uses, as a model for the cusp, the axial component
of the magnetic field as given in eqn. (2). A gaussian profile is used for the radial
component of the field and a Taylor expansion of the fields about r = ro is per-
formed. See Destler et al. (1988) and Lawson and Latham (1987) for more details on
the code. The initial values of the static parameters were close to the experimental
values for the low energy cusptron operated earlier at the University of Maryland.
These were: B0 = 328.8 gauss, ro = 15cm, accelerating voltage Vo = 26kV, and

= 4mm.
From such a simulation, an illustrative example of the variation of 2 with the

axial position is shown in Fig. 2. The value of 2 goes from zero upstream of the cusp
to a finite value in the region between the cusps, denoted by afm,,,,,, It falls to a
low value as the beam passes through the second cusp, denoted by Ot,,,idu,,,. As the
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I3
4 - C midroanqe

1

2

I -1
I I-'I a residual

First Cusp Second Cusp

l -• . .Ir. . I. . .I ... I . . .II . . . I

iO 00 0 20 130 40 50
-Axial position (cm)

Figure 2. Illustrative example of the variation of 2 = v./vI 1 along the axial coordinate. It
rises from zero to a value called , as the electrons pass the first cusp. located at
0cm, and falls again to a low value called 2 ,,,.,d.i after the electrons pass the second
cusp, located at 30cm: B, = 340 gauss, r,,.,, = 1.5cm. .2 = 4mm, and Vo = 26kV.

I cusps have a finite width, the value of 2
r,,,idul turns out to be finite rather than zero

as in the ideal cusp limit.
Various geometric and electrical parameters influence the trajectories, O(mdr.nge as

well as ",,,,a,. These were studied by varying the parameters one by one. The
results are reported in the following subsections.

I 2.1. Variation of 2 with Bo
For the case of the ideal cusp where the transverse velocity component is purely

azimuthal, the value of 2 ,d,.,, is given by:

2midra,.e [t*:2 - (rof))2 112 (5)

The results of particle code simulations performed to determine the effect of varia-
tions of B, are summarized in Fig. 3(a). As seen from eqn. (5), 2 ,gr,.,, is a mono-
tonically rising function of B,. It is also seen that a,d,,i goes through a cyclic
variation. This variation is associated with the radial scalloping of the electrons
between the two cusps and the resulting variation in particle angle as it enters the
second cusp. The physical explanation of this and cyclic variations with other
paramneters are discussed in §2.6. Here it may be noted that as Bo increases, the
cyclic variation occurs at shorter intervals, due to a progressive decrease in the
scalloping wavelength.

As a general trend, the value of 2r,,,ai is less than 2 md,.ng, by a factor of ten or
more. The maximum value of 3,,,,duai is mostly below 0.3. Consequently, the energy
in rotational motion is less than 10% of the energy in axial motion.

For most of the other simulation runs. the distance between the two cusps, z•,I
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Figure 3. Results of particle code simulations relating to the effect of variations in different

parameters on 2
m*d,.. and lre,,d..I, Median values of the parameters are: V, = 26kV,

second cusp at 30cm. r,,,, = 1.5cm, C. 2 = 4mm. and B, = 328.8gauss. (a) Effect of
variation of B., (b) effect of variation of r,,.,,, the starting radius of the particle; (c)
effect of variation of Vo. the accelerating voltage: and (d) effect of variation of distance
between cusps.I
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was chosen as 30cm. For this value of separation and B0 = 328-8 gauss, the value of
rc,,d,.aI was 0.014. Clearly, this is the optimum position to produce low transverse

energy. and thus increased depressed collector efficiency. This is subject to a narrow
range of variation of the starting radius, as discussed in the next section.

2.2. Variation of a's with starting position of electrons

For a given value of B0 , the radius at which the electron starts, denoted by r,,ar,,
influences r, , r,1, and oc. For an annular cathode with finite width, the value of

,,midranc would thus depend upon the starting position of the electron (substitution
of r,,,a, for ro in eqn. (5)). For this reason, it is advisable to limit the percentage of
variation in r,,l,, to a small value. Also. the choice of value of B, should not be too
close to the threshold value of the magnetic field for which the particles reflect (Rhee
and Destler 1974), for otherwise the variations in oc due to the variation in ri,,,, will
be too large.

Figure 3(b) shows the variations of ,mdran•tc and 7,,,,id.. with the starting posi-
tions of the particle. As expected. tmdr,,,•,, rises monotonically with rtar,. Further-
more, the value of "7rm,da varies cyclically with r~13~1. Recall that as ,,id,..,,r changes.
the number of gyrations completed between the two cusps changes. Because of the
finite width of the cusps, the beam would have a scalloping motion whose phase of
arrival at the second cusp would depend upon r.iari, resulting in the cyclic variation
of 7re~idual I

The highest value of 0(,,dual - corresponding to r,,.,, = 1.46cm. is 0.37. For the
range of values of r,,.,, for the actual cathode, from I .4-16cm, the "re,,8uaI lies for the
most part between 0.01 and 0.2. indicating a good percentage of energy conversion
from rotational to axial motion. It is observed that if the distance between the cusps
is changed, the value of r,, for the maximum value of lrs,,dual is also altered.

2.3. Variations of 's with accelerating voltage

Trajectory simulations were done for a narrow range of accelerating voltages.
V0 . from 25.5-265 kV. As seen in Fig. 3(c), 7mdrangc decreases slowly from 2.15 to
1.94. while 2esdu,, rises from 0.005 at the median value of V, to 0.225 and 0.122 at
the two extremes. These changes are due to variation from optimum in the phase of
scalloping at the second cusp.

2.4. Variation of f,,,idW with distance between the cusps

As expected. the amdran,,e is dependent upon the electrical parameters and those
of the first cusp only. Figure 3(d) shows the variation of ,res,,d,, with the location of
the second cusp with respect to the first one. It is seen that the variation is cyclic
between the values 0.014 and 0.250. These values are satisfactory from the point of
view of energy conversion. The cyclic nature of the variation is discussed in section
2.6.

2.5. Variation of ,,,,, with transition width of the cusps
As the cusp half-width, C, was varied from 2.0-50rmm for both cusps, the

2
mdrafnl, simultaneously increased slowly from 2.02-2.06. and the ;.,idua, decreased



U
I
I

Beam conditioning for electron energy recovery systems 359

05ý

1 45cm

1 k46 
A

1 45€ ."

01/

0 3 " /- e -/-

147/

0 2" 152 -S 02 'e' •" / 0 / f ,A /

1484/

01 /155

1551

II ,

149/1.50•I~
153 / Axial half-width of first cusp 4mm

C0 2 i6 8 12 4 6 8SAxial half width of second cusp,, 2 in mm

Figure 4. Plots showing variations of 7,.,,i.., with C. the half-width of the second cusp going
from 3-14 mm. The parameter C , the half-width of the first cusp, equals 4rmm.

slowly from 0.029-0.006. Thus, although an increase in the cusp width increases the
shift of the guiding centre from the axis, thus increasing the scalloping; the changes
in a are small. The values of v, and v,, depend essentially on Bo. The trajectories,
however, are influenced by the modelling of the field in the transition region. The
model tends to be less accurate as one moves away from the median value of r,,.,and near to the corners of the iron cusp material.

Furthermore, the value of O.,idu.l was determined for r,,.,, = 1.46cm (the worst
case defined in §2.2), as well as for other values of r,,.,, for a variation of C of thesecond cusp from 3-14 mm, keeping ý for the first cusp equal to 4mm, as shown in
Fig. 4.

It is seen that for starting radii such as 1.45cm, which give a relatively high

",,esidual at C2 = 3mm, the Lr,,,duI diminishes as C2 increases and goes through a
broad minimum near C2 = 10mm. For starting radii such as 1.50cm. which gives a
very low value of a , ,d. for C, = 3m m. the ,,,lu ,l has a sharp m inim um at , =
4 mm and progressively rises as C2 increases further to 14 mm.

The maximum swing in ;,,,dual with variation in r,,,., is by a factor of nearly 40.I
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when both C, and C2 are 4rmm. However, this factor is only two when C2 has risen to
14mm. Broadly speaking, this phenomenon can be understood as follows. Changes
in a,,id,,t occur due to variations in r,,,, because the latter changes the phase of
scalloping in which the particle enters the second cusp. If the second cusp is narrow.
the phase relationship is sharply defined, resulting in clear-cut reinforcement or can-
cellation of the radial component of velocity due to the two cusps. When the two
cusps are narrow and of equal width, the cancellation can be nearly complete, at a
favourable phase relationship. However, when the second cusp is broad, there is a
correspondingly large change in the phase of scalloping during transit through the
cusp. Consequently, reinforcement or cancellation is not very sharply defined. The
general trend is for a,... to increase as C2 rises.

2.6. Cause of cyclic variations in ,
The solution of the equations of motion shows that for the case of a finite tran-

sition width of a cusp. the charged particle acquires a positive radial component of
velocity as it passes through the cusp. This. in fact, causes a shift in the positions of
the guiding centre away from the axis and results in scalloping.

When the particle approaches the second cusp, its scalloping motion may have
given it a positive or negative component of radial velocity, depending on its phase
in the scalloping cycle. If the particle is moving outward as it approaches the second
cusp, the radial motion is accentuated, thus giving rise to a relatively larger value of
2roidual"I The reverse is true for the case of the particle approaching the second cusp
with an inward motion, which then wholly or partly is compensated for by the effect
of the second cusp.

In this connection, it is relevant to look at the trajectories of the particles from
an end on position. Figure 5 shows such a projection in the x-y plane for two

2"] 
2-

°./rL2

/L rL I. . ,- r~, "\

0 0

~2i ~'L2
-2 -2 .

-2 -I 0 I 2 -2 -' 0 I 2
x(cm) ' (cm)

(a) (b)
Figure 5. Trajectories of the particles as seen from an end-on position showing a projection

in the transverse (x-y) plane for two particles. In each case, the larger circle represents
an end-on view of the spiralling motion in the midrange region (subscript I), and the
smaller circle represents the residual spiralling motion beyond the second cusp
(subscript 2). In (a) the particle is going outward as it goes through the second cusp,
and the circle showing residual motion is larger than the case (b) where the particle is
going inward as it enters the second cusp.
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Figure 6. Plots of the value of the , versus the transit angle, over and above complete
cycles for the case where the change in the transit angle is due to the change in loca-
tion of the second cusp. The points represent snapshots which do not all belong to one
and the same cycle. Vo = 26kV, second cusp at 30cm, r,,,, = 1[5cm,, 2 = 4rmm, and
B, = 328'8 gauss.

particles. In each case, the larger circle represents an end-on view of the spiralling

motion in the midrange region with a larger Larmor radius. The smaller circle rep-
resents the residual spiralling motion beyond the second cusp, which has a smaller
Larmor radius. This second circle is seen to have a larger diameter in Fig. 5 (a) when
the particle is moving outward from the larger to the smaller circle than in Fig. 5(b),
where the trace connecting the two is moving inward. The off-axis locations of the
guiding centre are clearly seen.

The value of •rIduat versus the transit angle (modulo 2n) was plotted for the case
when the change in the transit angle is due to the change in location of the second
cusp and is shown in Fig. 6. The one cycle shown is, in fact, a synthesis of snapshots
of points occurring over more than one cycle seen in Fig. 3(d). A similar curve was
obtained when the change in transit angle was due to a change in the magnetic field,
B0 , while keeping the distance between the cusps constant. This corroborates the
physical explanation of the cause of the cyclic variations discussed above.

Correlation between transit angle and a,,,rdsi was also seen to be good in the
case of variations due to a change in C. However, the scatter of points was larger in
the case of variations caused by changes in , This is attributed to the fact that
when ri, is changed, it changes not only the Mini. and the scalloping wave-
lengths but also shifts the trajectories farther away from the median radius of the
hollow beam. In that case, the field profiles and the effective cusp width vary. The
I r.,id.,u changes cyclically with transit angle but not on an equally smooth curve.

2.7. Variation in the range of scalloping
The range of scalloping, as defined by the difference between the maximum and

minimum radii of the trajectories, was studied in the region between the cusps and

II
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Figure 7. The range of scalloping, as defined by the difrerence between the maximum and
minimum radii of the trajectories in the reion between the cusps and beyond the

second cusp. Shown is the case of variations due to distance between cusps, Bo =
328.8 gauss, r,t,, = [.5cm, V0 = 26kV, and 1., -- 4mam.

beyond the second cusp. Figure 7 shows the case of variations in the range scallop-
ing due to variation in the distance between the cusps. The cyclic variations in
scalloping beyond the second cusp are seen to resemble the variations in aresidual.
The scalloping in the midrange region is, of course, dependent only on the para- J
meters of the first cusp, and is therefore not a function of the distance between
cusps.

2.8. Correlation between analytical and numerical results (

The parameters fscaloping, and "m~defned can be evaluated both from numerical
simulations and the analytical relationships give in iteqns. (3 and (5). The results for

•,mir,,ge are shown in Figs. 8 (a) and (b) and agree very closely. When the indepen-
dent variable is Bt, the difference is 0.4% for B = 260 gauss and 1% for Bo = 340
gauss, with the respective values of being 1.0 and 25. Where the independent
variable is r,eco, the difference is 074% for the median value of inthe and rises to 6%

for due = 1.4 and 16cm. Plots of the numerical and analytical values of ri as a
function of the starting radius are shown in Fig. 9. The difference varies from 2%
near the median value of r g to 6% at ron, 6 cm. These differences are ue pto a
combination of finite mean cusp width and variation of cusp width about the mean

value.

cusps.
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Figure 8. A comparison of values of , obtained from analytical and numerical tech-

niques. (a) Variation of cc with B o. The difference is 0-4% at Bo = 260 gauss and 1% at
8 o = 340 gauss. Vo = 26kV, r,,,, = 1 .5cm, and C, = 4mm. (b) Variation of " with
r,0 ,8 ,. The difference is 0.4% at r,,,, = 1.52cm and 6% at 1 .40 and 1 .60cm : 8, -

328-8 gauss, (1.2 - 4mm, and Vo - 26kV.I
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Figure 9. A comparison of the values of scalloping wavelength versus starting radius of the
particle as obtained from analytical and numerical techniques. The difference varies
between 2% and 6%. B, = 328.8gauss, Vo = 26kVand Cl = 4mm.

3. Energy sorting in the collector region I
With its rotational motion converted sufficiently into axial motion, the beam

would be ready to enter the region of depressed collectors. The geometry and the I
potentials in the collectors, as wcll as the magnetic field profile, have to be suitably
chosen. The objective is that the combined effect of this electrostatic field and the
magnetic field cause the trajectories of electrons of different energy ranges to be

sorted out to different electrodes with depressed potentials as close to the energy of

that group as possible. The larger the energy spread due to rf interaction and the

more ambitious the target value for collector efficiency, the larger the number of

depressed collectors that would be required. I
In the present case, considering the fact that a large-orbit gyrotron operating in

a high harmonic mode has a low efficiency, a configuration was chosen consisting of
three collectors, two of which are at depressed potentials. In choosing the geometry,
a consideration kept in mind is that a small component of radial electric field is

ml i mmI



I

Beam conditioning for electron energy recovery systems 365

introduced in the collector region which opposes the motion of any secondary elec-
trons emitted at the collector surfaces back toward the axis.

The Herrmannsfeldt code (Herrmannsfeldt 1979) has been used for calculating
the trajectories of the particles. The magnetic field profile is also evaluated by
specifying the position, the geometry, and the current through each ideal N-turn
coil. The effect of the iron plate that generates the second cusp was simulated by an
image of the coil nearest to the iron plate.

The potentials on the depressed collectors, as well as the parameters of the coils,
were adjusted for suitable energy sorting. The electrode potentials were set at 0,
- 12.5, and -20kV. The magnetic field was always adjusted to make it a balanced
cusp.

In fixing the parameters for trajectory studies, the energy of the electron beam
entering the first cusp was initially assumed to be 26 keV, corresponding to an
earlier experiment on cusptron operation at the University of Maryland (Chojnacki
et al. 1987). In order to simulate the conversion of a part of the energy in the beam
into rf in the region between the cusps, the particles were divided into five groups.
Energy changes were introduced to correspond to - 30%, - 20%, - 10%, 0%, and
+ 10% of 26 keV. The radial location at which the particles emerged from the
second cusp, as well as their angles, were noted from single particle trajectory code
simulation. These were then used as inputs to the Herrmannsfeldt code simulation
of trajectories in the collector region. The trajectories are shown in Fig. 10. The
beam current was assumed to be one ampere, as in the earlier experiment.

I

90.I80 1
70 gnd

I60 -12 5KV

30

10, -200KV

0 20 40 60 80 100 120 140 160 180 200 220

Location of
second cusp

Figure 10. Electron trajectories in the collector region for electrodes at ground. - 12.5 kV.
and -20kV. The beamlets el energies 18-2 and 20.8 keV are collected at -12-5kV;
those of energies 23.4. 26.0. and 286 keV are collected at -20 kV.

I
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It is seen that the beamlets of energies 18.2 and 20.8 keV are collected at the
electrode at - 12-5 kV. and those of energies 23.4. 26-0 and 28.6 keV are collected at
the electrode at -20 kV. These results show energy sorting in the collector region
with two depressed collectors for a case of small spread in energy, arising out of
relatively low electronic efficiency.

For larger electronic efficiency, it would be necessary to include a more precise
model of the energy spread in the beam arising out of the rf interaction. A larger
number of depressed collectors would also be desirable for the case where electronic
efficiency is high.

Furthermore, trajectory simulation for 14.5 keV shows a tendency for some elec-
trons to be reflected before touching the - 12.5kV electrode. This indicates a
residual rotational energy of 2keV for some electrons. This phenomenon is mini-
mized by suitable profiling of the magnetic and electrostatic fields. It also points up
the benefit accruing from the transformation from rotational to axial motion, failing
which, for example, the collection of the 234 keV electrons on the -20kV electrode
would not have been possible.

Since the value of the axial magnetic field is reduced as the beam proceeds
farther into the collector region, a further conversion of the rotational motion into
axial motion occurs. The reduction in magnetic field here need not be slow enough
to qualify for being called adiabatic.

For comparison, it may be noted that if the reduction in x were to be obtained
purely by adiabatic change of magnetic field, then

0( = [(0(02 + I)fm -- 1 /-t2 (6)

where x, and 2t represent the ratio of transverse to axial velocity before and after the
adiabatic change, and fn is the ratio of initial to final value of the magnetic field.
Correspondingly, the Larmor radius of the orbit increases by a factor of v'fm. For
instance, starting with 7o = 2. an adiabatic reduction of magnetic field by a factor of
nine would reduce o( to 0.312 and increase the Larmor radius of the :rbit by a factor
of three.

These considerations can be used in designing any particular system, depending
upon the nature of the device and the requirements as well as the space that could
be made available in the radial and axial directions in the collector region.

4. Design considerations for the experiment
The computer simulation results described in the previous sections are used to

provide guidelines for the design of the experiment. These guidelines are listed
below. Recall that there are limitations in the modelling of the axial magnetic field
at the beam radius by the function tanh zz!, especially as the particles travel to radii
that are vell-removed from the median radius of the beam.

I. As 2 is a function of starting radius, the range of variation of the latter is to be
restricted (e.g. to 5%). Too large a spread in 2 ,sr,,g. would reduce the effi-
ciency of rf interaction. Furthermore, if r,,.,, has a narrow range, then the
other parameters, such as Bo, 1,0, and the location of the second cusp. can be
fine tuned so that the 2,....ud. is low for all the trajectories. However, as the
range of r,,,,, becomes narrower, the cathode current density for a given beam
current would become higher; and thus become a limiting factor.
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2. In order to minimize scalloping after passage through the first cusp, its tran-
sition width is to be minimized. The limiting factor would be the saturation
flux of the material used. Presently 4, is set at 4 mm, keeping the existing cusp
number one as a starting point (Chojnacki et al. 1987).

3. The median values of other parameters are chosen so that the beam is scal-
loping inward as it enters the second cusp, minimizing 2 ... idual*

4. The choice of the width of the second cusp is a design compromise. When the
starting radius of the particles is restricted to a range less than 5% and the
other parameters finely tuned, the minimum residual energy in the beam as a
whole, associated with transverse motion beyond the second cusp, occurs
when the two cusps are of comparable width. Increase of the width of the
second cusp increases the residual energy by a few percentage points.
However, this gives the advantage of an increased radial gap available for the
beam to pass through. In this case, a cusp half width of 6mm has been
chosen.

5. The magnetic field profile, the electrode shapes, and their potentials are
tailored to give optimum energy sorting between electrodes and soft landing
of electrons with minimum residual energy.

6. The range of collection of electrons from 18.2-21 keV on the - 125 kV elec-

trode and 22-28keV on the -20kV electrode is adequate for a device of
electronic efficiency z 10-15%. Such a typically low electronic efficiency for
harmonic operation does not cause a large spread in the energies.

We are working toward an experimental confirmation of these ideas. We are
also considering geometries involving larger numbers of depressed collectors.

I 5. Conclusions
The overall efficiency of devices employing spiralling electron beams can be

raised appreciably by energy recovery from the spent beam. This can be done by
"unwinding' the beam before leading it to depressed collectors. A scheme for doing
this has been proposed and analysed for the case of a large-orbit gyrotron. It
involves the use of a second cusp with a reversed magnetic field for the purpose of
beam-conditioning. It is seen that in this way a large fraction of the energy in the
spent beam gets converted into energy of axial flow. Furthermore, the following
conclusions emerge:

1. ,re,,dusl varies slowly with accelerating voltage.
2. 0(..idu, varies cyclically with starting radius, magnetic field, and distance

between cusps.

3I 2rd, is a minimum when the scalloping motion of the electrons is inwards
as they enter the second cusp.

4. The second cusp can be made wider than the first cusp to allow for a larger
gap to let the spent electron beam through.

5. The combined action of the electrostatic field provided by depressed collec-
tors of suitable shape and the magnetic field profile beyond the second cusp
sorts the electron stream coming out of the latter onto the depressed collec-
tors.

I
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!
6. Collection at depressed potentials results in energy recovery. This enhance-

ment of overall efficiency is feasible as well as particularly attractive for
modes of operation that have low electronic efficiency. I

The basic approach can be applied to other types of devices employing spiralling
electron beams, for enhancing their overall efficiency. I

|
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STUDY OF AN ENERGY RECOVERY SYSTEM FOR A LARGE-ORBIT GYROTRON
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Laboratory for Plasma Research
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ABSTRACT estimated. The choice of parameters is in a range defined
by the earlier cusptron experiments at the University of

.:i dpproach towards energy recovery from the spent Maryland. [71 Illustrative data of these studies and guide-
i11 44 a large-orbit gyrotron is outlined in the form lines worked out for optimization of the conversion process
t .!ouble magnetic cusp arrangement. The first cusp are presented in section 2.

S....iiwc a large rotational velocity, the second cusp We have also set up a proof-of-principle experiment. Its
, the purpose of unwinding the axis encircling beam main features are described in section 3. The experimental
re it proceeds towards depressed collectors. The re- results on beam transmission through the two cusps and
s ,t numerical simulations are summarized for beam measurements on the current collected by a Faraday cup at

.:.Mission through the two cusps. ic-ressed potentials are presented in section 4. It is seen
experimental set-up for proof of principle is de- thst with the field reversal at the second cusp, the current

*'d. Results are presented in the form of depressed collection continues up to higher depressed potentials than
' .'itja on a Faraday cup versus the current collected without such reversal.

,Current collection is observed up to larger de- Furthermore, the electron trajectories of the spent beam
S-..d potentials when the second cusp in introduced, have been simulated in the depressed collector region, un-

".,w,,ared with the case where field reversal is not in- der a range of conditions of collector geometry, potentials,
:',',',: thus verifying the concept. A design for mul- magnetic field profiles and energy variations in the incoming

.l6pressed collectors is presented along with trajec- beamkts. Typical trajectories and estimates of collector ef-
s .- the collector region. ficiency are given in section 5, along with the latest design.

Conclusions are summarized at the end.
1. INTRODUCTION

2. CONVERSION OF ROTATIONAL MOTION INTO
-.. jcctive of this work is to demonstrate energy te- AXIAL MOTION

-: from the spent beam by the use of depressed cslec-
•:; lnraling beam devices as a means of enhancing over-. In this study, a useful parameters is a, defined as the

...." Depressed collectors for linear beam devices ratio of the perpendicular component of velocity vi. to the
"" the subject of extensive study and application, parallel component of velocity v. A representative example

of studies of a,,,.j, defined as nj.v in the region after
"";'.ying depressed collector techniques to spiraling the second cusp, is shown in Figure 2, where it is plotted

"-'-vices. it is necessary in the latter case to convert versus the starting radius of the electrons. The starting ra-

* '*.',%tntial rotational motion in the spent beam into dius varies from 1.4 to 1.6 cm, the beam voltage is 26 kV,
'-.loti ,on before it proceeds to depressed collectors. We the magnitude of the magnetic field is 330 Gauss. As the

•* "no1 d a scheme for studying this for a large o- particles cr the first cusp, the * is a function of the start-

:.of rn. using. a double cusp arrangement.(5] Figure I ing radius r,,. The finite transition width of the first cusp
'% 'hematic diagram of such a system. A magnetic results in the guiding center being somewhat displaced from

%-f ilth a reversed field profile fows the rf interaction the axis. As a result, the particle enters the second cusp
",nm Ald reconverts the rotational electron motion into with a radial motion that is inwards or outwards depend-

"J ,iing upon the number of gyrations completed, especially the
II" examined the trajectories of electrons going fractional part. This fractional .'trt converted into degrees

.WI the two cusp system. [6) In this way the residual (full cycle = 360"), is also shown in Figure 2.
'"",I*d motion left in the electrons due to parameters, It is seen.that , has a cyclical variation with rat.
• ' tinite transition widths of the cusps, the distance However, it stays generally below 0.32, representing only

"" theni. the magnetic field profile, the beam volt- about 10% of the electron energy in residual rotational mo-
"-to ?lte raidius at which the electrons start, has been tion. The cyclic variation is linked with the fractional part

SI.OO 0 19M IEEE Best Available Copy IEDM 8&133



of the gyrations performed in transit between the two cusps. mm for the first cusp and 8 mm for the second cusp.
As discussed in detail elsewhere r61, this can be understood distance between them is 32 cm. k
by recalling that the finite width of the first cusp results in One curve is for the case where a magnetic field
an outward motion of an axially streaming particle passing is produced at the location of the second iron plate.
through it, so that over and above the conversion of the ax- second curve represents the case where the direction .e.
ial to rotational velocity, the guiding center is shifted rent in the coils in the collector region is reversed. aadG
off-axis, resulting in a finite a -.. But a particle that values so adjusted as to give the same value of B0 .l
enters the second cusp with an inward radial motion has it the second cusp, without reversal of direction. This is
counteracted by the latter, and vice versa. To minimize the an approximation to a constant field, to contrast with

tresdual over the whole beam. it is desirable to reduce the case of field reversal. Actually, there is a dip in the

range of r,,, consistent with the current density available the B, component at the location of the second iron p1
from the cathode. The set of parameters can then be fine because the lines of field tend to fan out towards the li
tuned to give a low average of . The width of the This tends to influence the beam transmission throu b6

first cusp needs to be minimized. That of the second cusp hole in the second iron plate. Furthermore, while the

needs to be of the same order, though a somewhat greater face of the cup is treated to reduce secondary emisumi
value can be accommodated, so as to provide a larger aper- does not have a retarding field to suppress secondarzw i
ture for the spent beam to pass through. in the case of the design in the next section. Consequa*

the collector current here is diminished by some ret

3. THE EXPERIMENTAL SET-UP secondaries. However, the maximum depressed pot
at which the collected current reduces to zero stillo3

The basic arrangement is shown schematically in Figure valid. :
1. A photograph of the set-up is shown in Figure 3. In this It is seen that the maximum depressed potential u 4
the electron-gun is on the left hand side, followed by two which the Faraday cup collects current is -13 kV in the
iron plates which generate the magnetic cusps with the aid where the second cusp is present; and -7 kV in the W
of coils that carry appropriate currents. There are seven of where there is no second cusp. These figures denj
them in all. that the introduction of the second cusp has incresd=

Profiles of the magnetic field have been generated to depressed potential up to which the 'spent' beam am ¥
correspond to near constant B. field in the gun and rf re- collected, thus increvsing energy recovery. The value ab
gions denoted by B0, and controlled reductions of the z after a particle passes the first cusp is given by:
component in the collector region. Profiles have been also VO[ 2measured for individual contributions of each coiL If the a =[(- -
flux density is well below saturation in the iron plate, linear ra w,

superposition can be assumed, and different pofles where v is the axial velocity prior to reaching the

sized. cusp, and wt is the angular cyclotron frequency. The*

In the initial proof of principle, a Faraday cup ;& located an accelerating voltage of 15.5 kV, Be = 255 Gausn,

in the collector region. It consists of copper with a coating ro varying from 1.4 cn to 1.G cm, varies from 1.57 to IS

of carbon. This coating would help to reduce the number This implies that there is a spread in the energy of
of back-scattered electrons. It can be put at depresmed po- motion, both in the 'rf" section and beyond the second

tentials by a separate power supply. The pulse as well as dc The maximum depressed potential of-13 kV orrespoi.,E
components of the current collected at different potenials electrons which emerged frmn the second cusp with an a

are measured. The wave form of the current is cnverted 0.43, indicating conversion of rotational into axial .04

into a voltage pulse by a pick-up coil, which is then dia- As discused already, for getting conditins cl to

played on an oscilloscope. The dc component of current is the cusp widths as wel as the range of r, would hum

measured with the help of a filter that byp mes the higher be educed.

frequency components of the current. The cathode in the
gun is fed with negative pulses up to 30 kV and duration S. A DESIGN FOR. MULTIPLE DEPRESSED

of 5 microseconds, at a rate of 60 pulses per seconc . The COLLECTORS
duty ratio is then 0.0003. For a pulse of colector current When rf interaction takes place, the energy of the
of 0.2 ampere, the dc component of the collector currentwould thus be 60 mnicroamperes, gets spread out over a narrow or wide range, depeD. W

upon the electronic efficiency. In order to have iWaz
4. COLLECTOR CHARACTERISTICS energy recovery, it is necessary to sort the beam into

lets covering smaller ranges of energy, collected on multiý
Measured characteristics of the Faraday cup that can collectors each depressed to a potential adjusted for 6d'

in a limited way function also as a depressed collector are lecting the beamlet with minimum loss of energy, i-e.,
shown in Figure 4 for one set c! parameters, corresponding soft-landing.
to an accelerating voltage of 15.5 kV and a field strength We have rum simulations of trajectories using the n
B0 of 255 Gauss. The cusp half-width is approximately 4 mannsfeldt code. [81 Systems employing three and
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, i.u, ,, w~kqd for pnntary elctron trajector~es. rajectonries happen to lie at the edges uof elt energy dis.
klt,, rld .wudy, RAv eollectou have been usl and tribution curve, and have less weIghingt thun the mediM
.0',1 e,,en towards cionsindrtion of the effect o( particles. Thus. the elrect of these bark.scattered electrons

.. ,04t ,4e1ri . Thes secondary or reflected prt. in reducing the estimated collector efficiency is idnimized.
.0110. 1tew collectr efficiecy when they end tip on With the present level of approximation., the collector ef.
, 4 .1 ,-sw depressed potential. They can disturb ficiency is estimated to lie in the rage of 70 to 80%.
t,,rtl•m if they head all the way back to that ro.

.. ,1,4,tes for the primary particles are shown in 6. CONCLUSIONS
St,1.wuets ar At energies of 18.2, 20.8. 23.4, 20.0,

%.V. -he scatter representing the effect of rf in. Results of a proof.of.principle experiment have been
i :zwrfy sorting is observed among the depressed presented for a double cusp system for energy recovery from

spent beam in a large-orbit gyrotron. They lend support
-uisc the geometry of the collectors and values of to the basic approach of unwinding the beam at the sec-

:,,,,•'s. a consideration kept in mind was that any ond cusp. A depressed collector system has been designed.
• .%IV ,'i-ctrons or reflected primaries released from its including trajectories for primary as well as back-scattered

• ,: imilu.act should see a retarding electrostatic field, so electrons. Thds system has demonstrated energy sorting,
*.,16111ft loss of collector efficiency, or backtracking with an estimated collector efficiency in the range of 70 to

. '...,,. In the cas of energetic reflected primaries 80%.

. vi.,ter a region of lUcceleration by overcoming the
• ..1104,1iin, field. Thus the configuration and param- ACKNOWLEDGEMENTS
•...,., fnr Fig. 5 arm not those which give the highest

.r ..:*wieney when primary electrons alone are con- The work is supported in part by the U.S. Department

.i rl,,- instance the parameters are so adjusted that of Energy and AFOSR. The help rendered by Douglas Co-
i',w high energy particles hitting the central or fiat hen and Kenneth Diller in fabrication of parts for the ex-

* l i he back plate which is at the highest depressed periment is thankfully acknowledged.
:.'*I t...nsequently almost all the back-scattered elec-

...t her reabsorbed on the same collector that they References
-... ,r, to another collector which is one stage lower.

• ..,,', klsses are thus minimized '[1] I.G. Kosmahl, Proc. IEEE IQ, 1325-1334 (1082).
p present case, the trajectories of back-scattered
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•t" fire returned to the collector with the next highest
"r1.'d1.wi potential; and one returns towards the entrance
•'"U colector region, Similarly all the reflected primaries

"'-,lerted on the same electrode, with the exception of
"-v flint go to a less depressed collector. The exceptional
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Short-pulse high-power microwave propagation in the atmosphere
C. A. Sullivan, W. W. Destler, J. Rodgers, and Z. Segalov
Electrical Engineering Department and Laboratory for Plasma and Fusion Energy Studies, University of
Maryland, Colleg. Park, Maryland 20742

(Received 12 November 1987; accepted for publication 12 February 1988)

The propagation of high-power ( 10-200 kW/cm 2 ) short-burst (3-30 ns) microwave pulses in
the atmosphere has been studied experimentally. Microwave power from a large orbit gyrotron
operating at 9.6 GHz is focused by a large-diameter parabolic reflector into a test cell. The
ambient pressure in the test cell was varied over a wide range and the microwave power density
necessary for atmospheric breakdown has been determined as a function of ambient pressure
and pulse duration. Measurements of the microwave pulse duration before and after
breakdown have been obtained to determine the extent to which microwave energy is absorbed
or reflected by the breakdown plasma. Results are compared with available theory and
previously reported experiments.

I. INTRODUCTION pulses per second, respectively. In these cases the test cell

Although microwave breakdown of the atmosphere has was a resonant cavity fed by waveguide. Finally, recent work

been a subject of study for many ' considerable new by Armstrong et al. 17 has been reported in which high-power

interest has recently developed in the field arising from the microwaves from an S-band relativistic magnetron have

availability of very high-power microwave sources devel- been used to study breakdown thresholds. In these experi-

oped for directed-energy systems and high-power radar ap- ments, 6-ns microwave pulses were focused by a parabolic

plications. In particular, data obtained from experiments in- reflector into a test cell and the resultant breakdown ob-

vestigating microsecond-pulse rf breakdown in air have served using optical diagnostics.

supported theoretical predictions that very high microwave In this paper, we report the results of an extensive ex-

power levels could be propagated in the atmosphere if the perimental study of short-burst high-power microwave

pulse duration could be made sufficiently short. It has also propagation through air. Data have been obtained for trans-

been proposed that at low ambient pressures a very high- verse electromagnetic (TEM) microwave pulse propagation

power microwave pulse might accelerate free electrons to in a test cell large enough to ensure that surface breakdown

energies in excess of that associated with the peak in the does not occur to any significant extent. Furthermore, data

ionization cross section for air in a distance short compared have been obtained over a wide range of microwave pulse

to a mean free path. In this manner even higher microwave power densities and pulse durations and for an equally wide

powers might be propagated without breakdown. range of ambient test-cell pressures. Section II contains a

Considerable theoretical and experimental work has review of available theory relating to these experiments. Sec-

been reported in this area in recent years.' -'" Theoretical tion III discusses the experimental apparatus used for the

results reported by Woo and DeGroot," Yee et al.,' 2 and Ali study, and results are presented in Sec. IV. Conclusions are

and Coffey"3 have indicated that when breakdown occurs, drawn in Sec. V.

an ionization front is rapidly formed which moves toward
the microwave source and consequently decouples the II. THEORETICAL DISCUSSION
microwaves from the initial breakdown region. In addition, The theory of microwave breakdown of a neutral media
the amount of energy that can be transmitted through the has been extensively treated in early work by MacDonald.'
medium was found to be a strong function of the initial ener- It is assumed that breakdown occurs when the electric field
gy of the pulse and its frequency, pulse shape, and duration. of the wave accelerates free electrons in the media to energies

Several experiments have been reported in which the sufficient to ionize neutral species and initiate an avalanche
propagation of short-burst microwaves through air has been process that produces a rapid increase in the plasma density.

studied."` 7 Bollen et al." have reported studies of microsec- The continuity equation for electrons in the media can be

ond-pulse microwave breakdown in nitrogen by focusing the written
output of a 1 12-kW, 35-GHz gyrotron into a test cell. Break- an
down was observed at microwave power densities of about at= vl - von + V(Dn), (I)
30 kW/cm2 at ambient pressures below 75 Tort. Yee et al. 12 where n is the electron density, v, is the ionization rate, v. is
have reported studies of short-pulse ( 10 ns) microwave the attachment rate, and D is the electron diffusion coeffi-
breakdown of air in a rectangular waveguide powered by a cient. The diffusion term can be approximated as
15-MW S-band klystron operating at 2.856 GHz. Results of V2(Dn) 2n ( - DI/A), where A is the characteristic diffu-
this study were found to be in good agreement with theory sion length and depends upon the system geometry. Using

and simulation. Experimental results of Gould and Ro- this approximation, the continuity equation has a solution
berts"5 and Tetenbaum, MacDonald, and Bandel 6 em-
ployed S-band sources with repetition rates of 1200 and 20 n = nhe(-" 'D/A'), (2)
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where no is the initial free-electron density. The diffusion molecule and used known values for the attachment fre-
coefficient D was found3 to follow the empirical relation quency and estimates for the diffusion scale length A to de-

Dp = [29 + 0.9(Elp) I X 104, (3. termine the net ionization rate as a function of ambient pres-
sure and pulse duration.

wherep is the ambient media pressure and Eis the amplitude In addition to this analytical work, significant numeri-
of the wave electric field. MacDonald noted that in cw mi- cal simulation has been conducted of short-pulse microwave
crowave breakdown phenomena steady state is reached and propagation in the atmosphere,11.12.14 results in reasonable

v, - v. = D /A 2 . (4) agreement with experiment where data are available.

He then matched these results to data obtained from cw mi- .---- ...- .. . . . .. -- 1- ...--.. -
crowave breakdown experiments conducted in a cavity. In IlL. EXPERIMENTAL APPARATUS . 4
this manner he obtained estimates of the net ionization rate High-power microwave pulses used for the propagation
vi - v. as a function of ambient media pressure for the given studies were generated by a large-orbit gyrotron' 7'1 operat-
wavelength and electric field amplitude. ing at 10 GHz. This device, powered by a pulse line accelera-

For pulsed microwave breakdown, Eq. (4) does not ap- tor [2 MeV, 10-20 kA, 30 ns full width at half-maximum
ply and the electron density grows at a rate given by (FWHM) ], produces high-power microwave radiation

v = v - v. -- D/A 2 . (5) ( 100-500 MW) by the resonant interaction of the modes of
A reasonable estimate of the time taken to achieve break- an axis encircling rotating electron beam with the modes of adown will be obtained if it is assumed that breakdown occurs magnetron-type multiresonator circuit. The rotating elec-
dow wile obtaimadenedsifity is a ssu that breticakplasmadownso s tron beam is produced by passing a cylindrical, nonrotating
as the plasma density ape:oaches the critical plasma density, beam from a field emission diode through a narrow magnetic

n, = 1o03/, 2 cm- 3. (6) cusp, as shown in Fig. 1. The cusp acts to convert the up-
The pulse duration r for breakdown to occur can then be stream electron axial velocity (v, ) into a downstream azi-
determined approximately from muthal (Ve 2 ) and axial velocity (v, 2 ) in a manner given

approximately byni = n-e'. (7 )
S~(8)

Experimentally, the initial free-electron density is not usual- = z! + U 2  C (

ly known to any degree of accuracy, but the exponential na- Here wc, = eB /my is the relativistic electron cyclotron fre-
ture of the rise in the electron density with time tends to quency, where e is the electronic charge, m is the electron
minimize the effect of errors in the number assumed for no. rest mass, B is the axial magnetic field, and
In addition, studies by Rappaport, Latham, and Striffier's y = (1 - v2 1c2)-1/ 2  (9)
have indicated that wave propagation can be significantly is the relativistic mass factor for the beam electrons (c is the
affected by plasma densities considerably below the critical speed of light in vacuum). The radius ro is the mean radius of
plasma density, although the exponential nature of the den- the rotating electron beam, which for a symmetric cusp is
sity increase with time minimizes etrors resulting from this approximately equal to the cathode radius. Thus for a given
assumption as well. applied axial magnetic field, only electrons with energies

In a similar approach, Ali and Coffey"3 theoretically greater than a value given by
studied breakdown by treating electrons with a Maxwellian E"
velocity distribution. In this work the average electron ener- LCb = [ (mc2)2 + ce 2 roB 2] _ mc? (10)
gy was assumed to be linearly dependent on Elp. They as- can pass through the cusp into the downstream drift region.
sumed that the ionization in air is primarily from the oxygen The above result allows for the use of this facility for the

"Magnetron" Outer Conducting

Boundary
Anode Plate, Iron Plate

Oil Acrylic
vacuum

Catod Sem I h'(-FIG. I. Large orbit gyrotron exiperimental con-Ch St figuration.

/ Downstream Coils

Diode Coils
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FIG. 4. Microwave power density vs axial distance from the center of the
I t test cell. The test-cell diameter is 30 cm.

FIG. 2. Idealized ui'stream diode voltage and current waveforms (top) anddnstream current waveform (bottom), position. In this way the effects of shot-to-shot variation in
the microwave output power of the device can be minimized.
Although the focusing of the microwaves into the test cellproduction of very short microwave pulses. Since the diode was not as effective as had been expected from low-powervoltage waveform slowly rises to a maximum value and then measurements, it was sufficient to ensure that breakdown,slowly decays, the duration of the downstream electron when observed, did not initiate on the test-cell walls. Surface

beam pulse can be varied within certain limits by varying the breakdown, which is generally easier to initiate than bulkapplied axial magnetic field strength. In this manner all elec- media breakdown, must be avoided if true media breakdowntrons with energies below that value required for transmis- limits are to be established. The superposition of the incidentsion through the cusp are reflected and the downstream wave from the source with the reflected wave from the para-beam pulse can be considerably shorter in duration than the bolic reflector results in a small-amplitude standing wave indiode pulse, as shown in Fig. 2. Although optimum micro- the cell, although measurements indicate that the incident3wave production cannot be achieved over as wide a variation microwave power is more than a factor of 10 lower than theof magnetic field as might be desired, data have been ob- reflected microwave power at the focus. No seed ionizationtaied for microwave pulses of varying power in the range 3- source was used for these studies. .
30Ons (FWHM).

The experimental configuration used for the propaga-tion experiments is shown in Fig. 3. Microwaves from the Tt,
large-orbit gyrotron are focused by a large diameter (150
cm) parabolic reflector with a 75-cm focal length into a 30-cm-diam cylindrical acrylic vacuum chamber which served Refletoras the test cell. The test cell was fitted with a high-accuracy
vacuum gauge and a calibrated leak valve that allowed main-
tenance of ambient pressures from atmospheric down to 0.1Torr. Measurements of the microwave power density along r X-Ernd (WR-90) Woveguidethe dish axis within the test cell are shown in Fig. 4. The Fixed Waveguide Attenuation Fixed Waveguide
points plotted are the averages of four shots taken at each At 08 dBWAt•enuation 29.12 dB

170dWavewide to Coax
Parabolic AdaptorMirror Coaxial Attenuation

Coaxial Attenuation 33.17 dB

OtuWidwTest Cell ornfll-spectra Detector
IT au t Window I Tdent C l56.9 B

Detector Detector

Tektronix 7104 Oscilloscope

FIG. 3. Schematic of microwave diagnostic setup used in the propagationFIG. 3. Configuration used for microwave propagation studies. expenments.3 5230 J. AppI. Phys.. Vol. 63, No. 11, 1 June 1988 Sullivan etat 5230
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directly into Tektronix 7104 fast oscilloscopes. I a i

IV. EXPERIMENTAL RESULTS E 0rrn

In previous work,"o the microwave pulse duration that Q 05
couldt b propagated without breakdown was determined by t0.0
simply metwring the duratin of the post-breakdown mi- 0.005[ Is
crowave pulse. The experiments reported here were de- -____I____.___I________I_
signed so that breakdown could be detected by two indepen- 0ll 0.1 1 10 100
dent criteria. The pulse durations before and after the focal Ti (Torr -ns) / 1000
point in the test cell were compared to determine if micro- FIG. 8 Microwave propagation data plotted using the visible light criterionwave absorption and reflection by breakdown plasma had rto breakdown.
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FIG. 9. Microwave propagation data plotted using the pulse width criterion FIG. 10. Comparison of resilts of present study with available theory and
for breakdown. experiment.

the operating frequency (9.6 GHz) of the large-orbit gyro- x rays produced by energetic electrons striking the drift tube
tron. walls produced sufficient free electrons to initiate the break-

A typical set of oscilloscope waveforms for the prefocus down process.

and post-focus detector systems are shown in Fig. 7. The Future experiments are planned to extend the range of
examples shown are for a case where breakdown resulted in data obtained to even higher microwave power densities and
considerable shortening of the post-focus microwave pulse shorter pulse durations. In addition, the propagation of
duration. Data from all experiments are plotted in the famil- high-power microwave pulses through preformed plasmas is
iar E /p vs pr format in Figs. 8 and 9. The data points in the also under study.
two plots are the same, but in Fig. 8 the visible light criteria
for breakdown was used to indicate on which shots break-

down occurred, and in Fig. 9 breakdown was defined by a ACKNOWLEDGMENTS
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Propagation and Breakdown in Gases by Short Burst, High-Power Microwaves*

i H.L. Rappaport, P.E. Latham, and C.D. Striffler, University of Maryland, College Park, MD.

20742

We are studying propagation of pulsed high-power microwaves in the atmosphere. Indi-

vidual processes in our problem include reflection, absorption, and transmission of normally

incident electromagnetic radiation onto a finite width resistive plasma and ionization of vari-

ous gases by high-power RF. We examine methods to solve for propagation characteristics of

a time-varying inhomogeneous plasma where the plasma density profile evolution depends on

the amplitude of the transmitted electric field. The growth of a plasma in a one-dimensional

gas cell using a low ionization rate, long-pulse model is found. The validity of this model

i is verified by fast Fourier transform methods. Also discussed is a method for solving for

propagation characteristics of a time-varying plasma half-space in the critical region where

geometrical optics techniques break-down.

*This work is supported by AFOSR.
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STATEMENT OF PROBLEM

PURPOSE - TO UNDERSTAND THE PROPAGATION PROPERTIES OF HIGH POWER,

SHORT PULSE MICROWAVES THROUGH GASES.

CONFIGURATION AND PARAMETERS OF EXPERIMENT AT MARYLAND

I

ROTATING 10GHZ, FOCUSSING I REFLECTION,
ELECTRON 300 MW, OF RF TO zi ABSORPTION, I
BEAM - 1-5 NSEC, 1-10 MW/CM CELL TRANSMISSION2 MEV, 0.5 MW/C IONIZATIO OF RF

RFIN PLASMA

FINITE SIZE
GRADENSITY RFTRAN

BEAM RF RF RFREF GRADIENTS

FOCUSSED
RF ABSI

IMPORTANT ISSUES
IONIZATION OF GASES BY RF

PROPAGATION OF RF IN GASES

AND PLASMAS



I

I
Problem Overview

The total problem of propagation and breakdown in gases may be di-

3 vided up into the individual processes of ionization of gases by RF and

propagation of RF through a time-varying inhomogeneous plasma. We

take the view here that if we can solve the propagation problem we can

I solve the total problem by demanding self-consistency of the time-evolving

inhomogeneous plasma density profile with the calculated ionizing electric

field propagating through the plasma. The connection between the electric

I field and the plasma density is made through ionization and attachment

3 rate equations for air.' The motivation for the overall approach lies in the

fact that the total problem of ionization and propagation combined is a

I non-linear problem. By considering the propagation problem and ioniza-

3 tion problems separately we first solve a linear wave equation with varying

coefficients and then afterwards impose self-consistency on the density evo-

lution. This might be done by trial and error, a relaxation method or an

U iterative technique.

3 In the first portion of this poster we consider a parameter regime where

the ionization rate of the plasma is so low that plasma ionization and RF

propagation are on different time scales. In this case methods for solving

I for the electric field in an inhormogeneous time-independent plasma density

3 are used and self-consistency with the ionizing electric field is imposed.I
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In the second portion of this poster the propagation problem for a pa- 3
rameter regime where the censity may not be considered static is discussed.

Here the ionization rate is still held very low compared with the RF fre-

quency and so the term medium ionization rate model seems appropriate. I
In future work we may study a parameter regime where the ionization

rate is of the order of the RF frequency. This would be called a high

ionization rate. I

'W. Woo and J.S. Degroot, Phys. Fluids 27, 475 (1984).

I
I
I
I
I
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Low Ionization Rate Model for Microwave Breakdown

I of AirI
We consider the problem of propagation of a normally incident plane

I wave through a 1-dimensional gas cell. To be found are transmitted and

reflected field amplitudes as functions of time. Assuming that the ioniza-

tion rate is much smaller than the carrier frequency w, and that electron

momentum change due to ionization is negligible compared to momentum

transfer due to elastic scattering, we model our plasma as follows:

Maxwell:

T2  -1 _02E 0J

where J = qnv

Momentum balance:

Ov
m- a qE - mvzv

3 Electron continuity:

a n (v i - va,)n

Charge neutrality:

I n -n,(t)- = >~ ooo,,

I where Z' = 1 for singly ionized molecules, 2 for doubly ionized molecules

I etc.

I



I
I!

Ionization, attachment, and elastic scattering rates for air from Woo and 3
Degroot:

Vi = PTorr 5.14 X 1011 exp(-73c-. 44 ) 32 < ce < 100

Va = PTorr 7 .6 X 10-4a 2 (cY +218) 2  0 < e < 60

I
01 ro.,1 o/,

In this poster Va is taken to be zero when 60 < ca < 100. Solution of the

electron continuity equation yields:

n(t) = |

The momentum balance equation is solved with an integrating factor to

yield:

q I dr e ,c(.(-t)E(r)ml

So the 1-dimensional wave equation becomes I
a:2 E 1a2Et = - - t)Ct dr- e d c( -')E(r) - E(t)]
19Z 2 

-C
2 9T2 - C 2  1 J-

where w2(t) = n(t)q2/rmeo and again the ionization rate is taken to be I
much smaller than the carrier frequency. If we now further assume that the

electromagnetic response time Te- ren of the gas cell is much shorter than

1/1vi we may take solutions to the wave equation of the form U
E = E(t)ei"c'eikz(t)z



I for a spatially uniform plasma. The appropriate dispersion relation is

* w =P -c2 •k(t) +1 (t
1- ilv//w

I
I
I
I
I
I
U
U
I
I
U
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PROPAGATION OF NORMAL INCIDENT PLANE WAVE 3
THROUGH A FINITE THICKNESS REGION OF IONIZED AIR I

free space ionized air free space 3
incident plane wave transmitted plane wave 3

E-

reflected
plane wave d, d

I

By matching boundary conditions we find I

E 3 -4np ejkid 23
E+ (1_P)2 -(1 + )e2ikmd

ET (1 - n2)(1 - e2jkd)

E+ (1 - np) 2 - (1 + np)2e2jkad

where

= I
C

• . I
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I
Discussion and Results

The parameters chosen for numerical computation of results in this

problem are incident wave amplitude = 1100 V/cm, carrier frequency fc

S-= 10 Ghz, gas cell length = 4 cm, and gas cell pressure = 5 Torr. In the

3 first set of plots a uniform density model is used, the electron density in

the gas cell is assumed to be spatially uniform but increasing with time.

At each time step of the calculation the transmitted field, reflected field

I and the field at the center of the gas cell are found. The field at the center

of the gas cell is used to calculate the ionization and attachment rates for

the gas which in turn are used to find the electron density for the next

II time step. We see that the transmitted wave falls sharply in amplitude as

the density approaches the critical density n, = w2 mfo/q 2 at t r 250 ns.

The initial value of n/ne = 10-9 corresponds to an initial electron density

I of 10' electrons/cm 3 . Note that vi - 108 and w,, 1010 so vi < wc as

3 required. Also ermn , .3 ns as will be discussed momentarily so 1/vi > Tern

as required. Duration of each time step is 1 ns.

In the next two plots a twenty step model is used and the gas cell is

broken up into twenty 4 cm/20 = .2 cm regions. The density in each region

is calculated separately at the beginniLg of each time step. A set of 42

equations in 42 unknown variables is solved numerically to find forward and

I reverse field amplitudes in each region as well as reflected and transmitted

wave amplitudes outside the gas cell. The electric field amplitude at the

I
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I

center of each region is used to calculate the ionization rate for that region

at each time step. Shown is the evolution of the density profile and the

evolution of the electric field amplitude across the gas cell with time. Each

time step lasts 1 ns. Note that in these plots we may think of the plane I
wave driving the gas cell as being incident from the left. The electric field

amplitude decreases across the gas cell because of elastic collisions. This

in turn causes a lower ionization rate on the right side of the gas cell and I
plasma buildup is greatest on the left side.

The final set of plots allows us to evaluate rn. Here the Fourier spec-

trum of an input pulse is multiplied by the frequency response of a uniform I

in space, constant in time, density plasma of length 4 cm, P = 5 Torr and 3
n/ncarrier = .5 . ncarrier is the critical plasma density at f = fcarrier = 10

Ghz. The output pulse in frequency and time domains is shown. Since the

input pulse starts at t = 3 ns and the output pulse reaches its steady state i
value at t - 3.3 ns, Tern ; .3 ns. A similiar value of Tern is seen for the case

of a 4 cm, 5 Torr, n/ncarrir = 1.0 plasma. I
I
I
I

I
I II I I I I I II I



I
* Problem Parameters

I Carrier frequency = 10 Ghz

i Gas cell length = 4 cm

Gas cell pressure = 5 Torr

Initial electron density = 1000 electrons/cm 3

For uniform density model and twenty step model incident

i plane wave amplitude = 1100 V/cm
I
]
* Relevant Time Scales

I 1/vi = 1.5 x 10-8 seconds for Erm, = 1100 V/cm

erin - 3 x 10-10 seconds

1/wc = 1.6 x 1011 seconds

I
I
[
I
I
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Medium Ionization Rate Model for Microwave Propagation

through Plasma

In the low ionization rate model we assumed that the ionization rate

Vi <« 1/"ern where Tem is the electromagnetic response time of the system

3 under consideration. In the medium ionization rate model we remove this

restriction and require only that vi < we. The geometrical optics method 2

permits solution of the wave amplitude in a time-varying inhomogeneous

I plasma. This method converges fastest as A --+ 0. In a static homoge-

neous collisionless plasma where w•p m wC (at critical density) A --+ oo and

geometrical optics breaks down. Thus another method is needed.I
Motivation for Power Series Method

I In a static collisionless 1-dimensional plasma the wave equation

I E 1 a2E WE E

0Z 2  c2 C(t2+C2

I becomes in a critical density region

492 E

This suggests a perturbation expansion about the critical density

E E=Eo+ E, +E2+...

where a2E 0

a02o3 8z2-0

I



It
and

Zo(z, t) = A(t)z + B(t)

Consideration of the first order equation

0 2 E 1  a2 2Eow2

ýz-2- c2  +t2

shows us that to first order the solution for E is a cubic in z with coefficients

that are functions of t. To second order the solution for E is a fifth degree

polynomial in z with coefficients that are functions of t. Thus expanding I
to all orders we have a solution for E which is a power series in z with

coefficients th-t are functions of t. Convergence is expected to be best in

regions where wp ;Z. wC, i.e. the region where geometrical optics fails.n

2 I.B. Bernstein, Phys. Fluids 18, 320 (1975). UI,

u I w| |I
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Propagation of Normal Incident Plane Wave

Onto Time Varying Plasma Half-Space

I
free space time-varying density homogeneous plasma

incident plane wave transmitted plane wave

IEl Et

I reflected plane wave

Er

I
W ave equation a2E 1 a2 E 2 M av

* 8Z2 c2 t2 C2 q Ot

Momentum balance

I mv= E - vmv
q Ot q

Introduce power series expansions for E and MvI q

U 003E = a71(t)z71  z>O0
71=0

* 00 t n
_V= E3bn(~7  z>O0

*q 0=I



I

plugging into wave and momentum balance equations and equating like

powers of z gives us a pair of recursion relations for the an(t) and b,(t)

1 d2 aa wW
a,+ 2 (t)(n + 1)(n + 2) - + =(an - ,cb,)

(2 dt2  C

dbt

By truncating the series after N + 1 terms where N is the degree of the

resulting polynomial a set of 2(N + 1) coupled second order O.D.E.'s result.

These are easily solved numerically by a Runge-Kutta code provided suit- 3
able initial conditions a,,(O),a (O),b,(O),b (0) are found. An exponentially

increasing density is of interest: I
le(Z, t) = ne(o)O(z) exp(vit 0(t))

where the 0 function is defined

0(?7) = 1 77 > 0

0(,7) = 0 77 < 0

For this case the an(O) are easily found since the plasma is in steady state

condition for t < 0.

00 00 (-ikz)"
E(z,t = O)= Z an(0)zn = Ete-ikz (-k Et n!

n=0 nZO n

an(0) = Et (-ik)n

n!I



where

and

Find b,(0)

m-v(z,t = 0) = Zbn(0)Zn
q n=O

In steady state (t < 0)
iWnv = E - vcmv

q q

I (iwo + v,)mv = E
q

3 Therefore

Sbn (0)zn= iwc + VC

3 b(0)= an(O)
biW + Vc

The bV(0) are given by

n b'(0) = an(0) - vcbn(O)

3 Find the a'(0) from the following boundary conditions for the electric field

at at

I •Zz=O- z=O+

OE)

IzzO aZZO



m
I

Write the electric field for z = 0- as the sum of an incident term and a

reflected term F,

E(z,t) = Ee-i•zei + Fr(z +ct) z < 0

=E iý-j'- + F,(ct)3
aZ z=O- C

aE) =0=iwcEieiwt~~ + cFr(ct)
a z=0-

combining and using the boundary condition produces

E) _- c OE = 2iwcEiewct 3
at z=O+ (9z--O+

Introduce the power series I
00

E =E an(t)z' z > 0
n=Om

and we have

a'(t) - cal(t) = 2iwcEieiwc (,) I

This relationship produces a'(O) immediately from al(O) I

I
ao (O) = 2iwcEi + ca1 (0) I

repeated differentiation -of equation * and liberal use of the recursion re-

lations for the. a, and b,, permit finding all of the a',(O). This repeated

differentiation process also allows us to find the a,(O), a"(0) etc.'
, a,, 0) etI



The above method finds the a,,(O),b,()a (0,b (0 hc'emt

Runge-IXutta code to find the electric field as a function of z for z > 0 at

I any time step. Plots shown of E versus z are made from this method.

i Alternatively if we wish only to find the electric field for z = 0+ (and

from the boundary conditions the electric field for z = 0-) as a function of

i ~time we may use the derivatives of a0 (t)

i--0

Plots shown of E versus t are made from this method.
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Parameters Used in Plotting

E versus z plot

1. n/n,)t=o = .5 I
2. vi -".w

3. v,=0

4. Runge-Kutta time step = .5/we U
5. Output is after 1 time step --- t = .5/wc

6. n/n, = n/nf)t=o exp(vit) = .5 exp(.05) = .526

7. Degree of approximating polynomial = 20. U
E versus t plot

1. n/nc)t=o = .5 I
2. vi = .1w,,

3. vc=O

4. Curve labeled actual is a plot of ao(t) with 32 terms kept in the taylor I
series.

5. Curve labeled static is a plot of

Ztstatic = Re Eie o+ k(t)

I

I
I
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Future Work

1. Study convergence properti 's of power series solution for the electric

field in a time-varying plasma.

2. Investigate the physics of propagation of RF through a time-varying

I plasma which has density increasing beyond critial density.

3. Consider alternative expansions for the electric field in a time-varying

plasma and their convergence properties.

I 4. Impose self-consistency on a plasma density profile with an ionizing

propagating electric field for a plasma half-space and other geometries.

5. Study high ionization rate breakdown where the ionization rate is of

I the order of the RF carrier frequency.

i
I
I
I
I
I
I
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Shielded-Source, Short-Pulse Microwave Propagation Experiments

I W. W. Destler, Z. Segalov, and J. Rodgers

Electrical Engineering Department

University of Maryland, College Park MD 20742

I Abstract

3 The propagation of short-pulse, high power microwaves through a neutral gas

has been studied and breakdown limits determined in an experimental configuration

I in which the neutral gas test cell was carefully shielded from x-rays emanating from

the high power microwave tube. In this manner the possible x-ray generation of

free electrons in the test cell was minimized. Results are compared with previous

experiments in which the test cell was not shielded from the source.

I
I
I
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I. Introduction

Renewed interest in the propagation of high power microwave pulses in the

atmosphere1 -" has resulted from the availability of very high power microwave

sources with pulse durations in the range 2-1000 ns.' It has been suggested that

extremely high levels of microwave power can be propagated in the atmosphere if

the microwave pulse duration is significantly shorter than the time required to build

up electron densities sufficient to absorb or reflect significant microwave energy.

In previous work', our group has reported studies of the propagation of high

powei (30-300 kW/cm2 ), short-pulse (2-35 us) microwaves through an air filled test

cell. In these experiments, microwaves from a high power Large Orbit Gyrotron were

focused into a test cell using a large diameter parabolic reflector, and microwave

breakdown thresholds were determined over a wide range of test cell pressure and mi-

crowave power density and pulse duration. These free space microwave breakdown

thresholds were found to be comparable to previous data obtained on breakdown

limits in waveguides, and shorter pulse durations did allow higher microwave power

densities to propagate without breakdown, as expected.

It has been suggested', however, that x-radiation produced by the energetic

electrons in the Large Orbit Gyrotron could be responsible for generating a num-

ber of free electrons in the test cell, and that breakdown might therefore have

been observed at artificially low values of microwave power density. In the exper-

iments reported herein, the test cell was carefully screened from the Large Orbit

Gyrotron x-radiation by a concrete and lead shield wall, and breakdown limits were

determined in the manner reported previously. Thus a ready comparison between

breakdown limits with and without source x-ray shielding is now possible.

In this paper, related theoretical considerations are discussed in section II. The

experiments conducted are detailed in section III, and results are compared with

previously obtained unshielded source breakdown limits in section IV.

II. Theoretical Discussion

The theory of microwave breakdown of a neutral media is treated extensively in

2
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early work by MacDonald"0 . Tiiis treatment assumes that breakdown occurs when

U the electric field of the microwaves accelerates any free electrons in the media to en-

ergies sufficient to cause ionizir.g collisions with neutrals. The resulting production

of additional electrons drives an avalanche process that results in a rapid rise in the

plasma density and eventual microwave absorption or reflection. The continuity

I equation for electrons in the media is written

vn -vn + V 2 (Dn) (1)

where n is the electron density, vi is the ionization rate, v. is the attachment rate,

I and D is the electron diffusion coefficient. Usually the diffusion term is approxi-

mated as V 2(Dn) 2- n(-D/A2), where A is the characteristic diffusion length and

I is dependent upon the particular system geometry. Under this approximation, the

continuity equation yields

n = noe(''-''-°1^)t = noeL' (2)

I where v is a net rate for electron production. A reasonable estimate of the time

required to reach breakdown is obtained if it is assumed that breakdown occurs

I when the plasma density reaches the critical plasma density for wave propagation

n, = 1013/A 2 (cm- 3) (3)

The pulse duration r for breakdown to occur is then given by

n, = noevt (4)

* Although the initial free electron density is not known to any degree of accuracy in

most experiments, the exponential nature of the rise in electron density with time

tends to minimize the effects of errors in the number assumed for no. Nevertheless,

this effect can be significant. For 3 cm microwaves, for example, the difference

I between no = 1 and no = 1000 cm- represents about a 25% change in the break-

down pulse duration assmaning other quantities remain fixed. Of course, if a media

can be found in which no - 0, breakdown will not occur for any pulse length un-

less the wave electric field is large enough to directly strip an electron from a neutral.

I 3
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III. Experiments

High power microwave pulses used for the propagation experiments were gener-

ated by a large-orbit gyrotron operating at 10 GHz, as reported previously8 . This

device produces high power microwave radiation (100-500 MW) by the resonant in- I
teraction of a rotating electron beam with the modes of a multiresonator magnetron

circuit. The experimental configuration used for the propagation experiments is

shown in Fig. 1. Microwaves from the large-orbit gyrotron are reflected 900 by a

plane reflector toward a 150 cm diameter parabolic reflector. The parabolic reflector

serves to focus the microwaves into the test cell. The test cell, a 30 cm diameter

cylindrical acrylic vacuum chamber, is fitted with a high accuracy vacuum gauge

and a calibrated leak valve that allowed maintenance of ambient pressures from

atmosphere down to 0.1 Torr. Measurements of the microwave power density along

the dish axis (Fig. 2) and across a cell diameter (Fig. 3) indicate that a reasonable

focus was achieved away from the test cell walls (surface breakdown on the test cell

walls must be avoided ff true media breakdown limits are to be established). 3
The shield wall between the large-orbit gyrotron and the test cell was constructed

of 20 cm thick high-density concrete block augmented by 1 cm of lead sheet. Mea- i
surements of the x-radiation observed at the test cell indicate that the shield wall

reduced x-radiation by more than two orders of magnitude, with typical TLD de- i
tector dosage recordings of 50 mR/shot observed without the shield wall and 0.5

MR/shot after the shield wall was constructed. Because of reflections, it was not

possible to completely eliminate all x-radiation from the test cell area.

Open ended X-Band (8-12 GHz) waveguide sections were used to detect the

microwave signals before and after the focal point in the test cell, as shown in

Fig. 4. Microwave signals were passed through calibrated attenuators to calibrated

.1,01 , rs , for their measured transient response time (rise time ,- 1 as).

Detector signals were fed directly into Tektronix 7104 oscilloscopes.

In this work, breaIclown of the media was said to occur if either visible light

from ionization processes was observed in time-integrated photographs of the test

cell or if significant shorte'ning of the post-focus microwave pulse was observed due I

4 I



to reflection and/or absorption of the microwaves by the breakdown plasma. The

criteria for pulse shortening to indicate breakdown was if the transmitted pulse du-

ration was 80% or less of the incident pulse duration. Microwave power density was

I varied over the range 50-300 kW/cm' and pulse duration was varied over the range

3-20 ns. Data for the experiments are plotted in the familiar E/p vs pr format in

I Fig. 5.

I IV. Conclusions

From the data shown in Fig. 4 and previously reported data8 , it appears that

a significant reduction in background radiation does increase the wave electric field

required for breakdown, at least at high (> 1000) and low (< 10) values of pr.

This increase in the breakdown electric field, about a factor of L,,Vo over the previ-

ously reported data, is small but nevertheless large enough to ensure that statistical

fluctuations alone cannot account for the increase.

Unfortunately, it is nearly impossible to measure accurately the actual free elec-

tron density in the test cell at the time these measurements were made, due pri-

marily to the unavailability of diagnostics sensitive enough to yield quantitative

estimates of such low electron densities. Even a theoretical estimate would require

I a very careful measurement of the x-ray energy spectrum and information on x-ray

induced ionization cross sections over the entire spectrum. Nevertheless, the data,

and the theoretical discussion in section II, suggests that breakdown thresholds as

reported here and in the previous report' are reasonably reliable as long as at least

a few free electrons are present in the media. Natural radioactivity and cosmic

radiation are probably sufficient to ensure that this is the case.
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Figure Captions

1. Experimental configuration used for shielded-source microwave propagation

experiments.

2. Schematic of microwave diagnostic setup used in the propagation experiments.

3. Microwave power density vs distance along the axis of the parabolic reflector.

I 4. Microwave power density vs distance across a diameter of the test cell.

1 5. Microwave propagation data.
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